In this work, the bilayer structure of novel cationic lipid diC16-amidine was compared to the one of zwitterionic dipalmitoyl phosphatidylcholine (DPPC), which shares the same hydrophobic domain. Differential scanning calorimetry shows that DPPC and diC16-amidine bilayers have similar phase transition temperatures, but diC16-amidine membranes display a less cooperative phase transition and an absence of pretransition. Both bilayers were analyzed from surface to core, using 5-, 7-, 10-, 12-, 14-, and 16-PCSL spin labels. As expected, electron spin resonance (ESR) spectra show that the gel phase of DPPC presents a flexibility gradient toward the core. In contrast, this gradient exists in the gel phase of diC16-amidine bilayers but only down to the 12th lipid tail carbon. The 14th and 16th carbons of the cationic lipid are in a very rigid environment, similar to the one observed at the bilayer surface. These data suggest that diC16-amidine molecules are organized in a partially interdigitated gel phase. ESR spectroscopy also shows that the lamellar fluid phase of diC16-amidine is more rigid than the one of DPPC. Fluorescence resonance energy transfer assays reveal that diC16-amidine displays a more efficient fusogenic activity in the gel phase than in the fluid one, suggesting that the partial interdigitation of the gel phase is important for the fusion process to occur. Since the gel-fluid transition temperature is 42°C, diC16-amidine is fusogenic at the physiological temperature and is therefore a promising lipid for delivery applications without the need of helper lipids.
Introduction
Liposomes have become of huge importance in medicine and healthcare [1] . Over a dozen of liposome formulations have been approved for human use [2] , offering suitable treatment for a series of diseases such as fungal infections [3, 4] , leishmaniasis [5] , macular degeneration [6] and cancer [7] [8] [9] . They have also been employed in vaccine [10] [11] [12] and imaging [13, 14] applications. This has prompted the development and characterization of new synthetic lipids, like cationic lipids [15, 16] .
A family of cationic lipids containing the amidine group was synthesized some 25 years ago [17] to deliver nucleic acids intracellularly [18, 19] . Studies carried out with 14-carbon lipid tailed diC14-amidine demonstrated its capacity to enhance lipid mixing [20] , and also to activate the innate immune system [21, 22] .
The high fusogenic efficiency of diC14-amidine bilayers was correlated with the presence of an interdigitated gel phase [20] , in which lipid molecules were packed side by side and flipped horizontally from one to the other [23, 24] .
It was previously shown that diC16-amidine, a 16-carbon lipid tail derivative of diC14-amidine, fuses more efficiently than diC14amidine with cell membranes at 37°C [25] . Hence, characterizing the structural and biological properties of diC16-amidine could expand the applications of the amidine lipid family.
In this work, the structure of cationic diC16-amidine bilayers was characterized and compared to the structure of bilayers formed by dipalmitoyl phosphatidylcholine (DPPC), a zwitterionic lipid that has the same hydrophobic domain. The fusogenic activity of diC16amidine was also assessed as a function of temperature. Differential scanning calorimetry (DSC), electron spin resonance (ESR) spectroscopy and fluorescence resonance energy transfer (FRET) were employed in this study.
Materials and methods

Reagents
Texas Red®-DHPE (Texas Red® 1,2-dihexadecanoyl-sn-glycero-3phospho-ethanolamine, triethylammonium salt) and NBD-PE (N-(7nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phospho-ethanolamine, triethylammonium salt) are Invitrogen (Molecular Probes) products. Hepes (4-(2-hydroxyethyl) piperazine-1ethanesulfonic acid)) was purchased from Sigma Chemical Co. (St. Louis, MO, USA). DPPC (dipalmitoyl phosphatidylcholine), asolectin (L-α-phosphatidylcholine (Soy-20%)) and spin labels 1-palmitoyl-2-(ndoxylsearoyl)-sn-glycero-3-phosphocholine (n-PCSL, n = 5, 7, 10, 12, 14, or 16) were supplied by Avanti Polar Lipids (Birmingham, AL, USA). diC16-amidine (3-tetradecylamino-N-tert-butyl-N′-hexadecylpropionamidine) was synthesized as described [17] and stored as a powder at − 20°C. The chemical structures of DPPC, diC16-amidine and 10-PCSL are shown in Fig. 1 . Ultrapure water of Milli-Q-Plus quality was used throughout.
Liposome preparation
A lipid film was formed from a chloroform solution, dried under a stream of N 2 , and left under reduced pressure for a minimum of 2 h, to remove all traces of organic solvent. Dispersions were prepared by addition of Hepes buffer (10 mM, pH 7.4) followed by vortexing for about 5 min at 50°C. For ESR experiments, 0.8 mol% 5-PCSL, 0.6 mol% 7-PCSL, 0.5 mol% 10-PCSL, 0.4 mol% 12-PCSL, 0.3 mol% 14-PCSL, or 0.3 mol% 16-PCSL were added to the lipid chloroform solutions when preparing the lipid films. No spin-spin interaction was observed at such small label concentrations. For fluorescence measurements, NBD-PE and Texas Red-DHPE® (at 0.8 mol% each) were dissolved with diC16-amidine in chloroform before lipid film formation. Final diC16-amidine concentrations were 0.85 μM, 2 mM and 10 mM for FRET, DSC, and ESR experiments, respectively. All samples were used right after preparation.
Differential scanning calorimetry (DSC)
DSC scans were performed in a Microcal VP-DSC Microcalorimeter (Microcal Inc., Northampton, MA, USA) equipped with 0.5 mL twin total-fill cells. Heating rates were 20°C/h. Scans were performed at least in duplicate. The enthalpy of transition ΔH was obtained by integrating the area under the thermograms.
Electron spin resonance (ESR) spectroscopy
ESR measurements at X-band were performed with a Bruker EMX spectrometer. Field-modulation amplitude of 1G and microwave power of 5 mW were used. The temperature was controlled to about 0.2°C with a Bruker BVT-2000 variable temperature device, and monitored with a Fluke 51 K/J thermometer with a probe placed just above the cavity. A high sensitivity ER4119HS cavity was used. All ESR data shown are means of the results of at least two experiments, and the uncertainties are the standard deviations. When not shown, the uncertainty was found to be smaller than the symbol in the graph.
The effective order parameter, S eff , was calculated from the expression [26] 
is the maximum hyperfine splitting directly measured in the spectrum (see Fig. 6 
the measured minimum hyperfine splitting (see Fig. 6 ) and A xx , A yy and A zz are the principal values of the hyperfine tensor for doxylpropane [27] . Rotational correlation times for isotropic motion, according to the motional narrowing theory, can be calculated from the peak-to-peak width of the ESR Lorentzian lines [28, 29] :
where m is the m-th component of the nitrogen nuclear spin, A is the Lorentzian linewidth of the central line, ΔH L (0), and B and C are
The correlation time for doxyl labels can be calculated using both B and C parameters: τ B = −1.22 B or τ C = 1.19 C, (τ B = τ C for isotropic movement). Lorentzian linewidths are calculated using a computer program, which performs nonlinear least-square fitting of the experimental ESR spectrum using a model of a Lorentzian-Gaussian function for corrections of non-resolved hyperfine splitting [30, 31] . This methodology can only be applied to ESR spectra yielded by probes in the motional narrowing regime [30] . In the present work, it could only be applied to 16-PCSL. The average rotational correlation time τ corresponds to the arithmetic mean of τ B and τ C .
Lipid mixing assay
Lipid mixing between cationic diC16-amidine liposomes and asolectin liposomes was monitored using Fluorescence Resonance Energy Transfer (FRET) assay. Cationic liposomes were labeled with NBD-PE and Texas Red®-DHPE as described above. Asolectin liposomes were added to labeled diC16-amidine liposomes at a mass ratio of 10:1 and loaded in a quartz thermostatized fluorescence cell. The samples were gently stirred throughout the experiment. The fluorescence was monitored using an SLM-8000 spectrofluorometer with excitation and emission slits of 4 nm. Generally, samples were excited at 470 nm and emission spectra were recorded between 500 nm and 625 nm. Control emission spectra were performed in parallel before and after lipid mixing. For each temperature, the percentage of fusion was calculated as the ratio between the NBD donor emission fluorescence (532- 538 nm) intensity of the sample at that temperature and the average donor emission fluorescence intensity after adding 1% Triton X-100 over all the temperature range. Addition of the Triton detergent destabilizes the liposomes and mimics a 100% fusion.
Results and discussion
3.1. Thermotropic behavior of DPPC and diC16-amidine diC16-amidine and DPPC share the same hydrophobic domain made of 16-carbon alkyl chains but have different hydrophilic moieties (a small cationic headgroup for diC16-amidine and a larger zwitterionic headgroup for DPPC) (Fig. 1) . These lipids have similar transition temperatures of 42°C for diC16-amidine and 41°C for DPPC ( Fig. 2) . However, their transition profiles are very different: while DPPC has a very sharp gel-fluid transition, diC16-amidine has a very broad one, indicating a much smaller transition cooperativity for the cationic lipid bilayers (Fig. 2) .
The decrease in transition cooperativity for diC16-amidine membranes could be attributed to electrostatic repulsion between cationic headgroups that destabilizes the gel phase at low ionic strength. This is consistent with the smaller transition enthalpy of diC16-amidine (ΔH = 6.7 kcal/mol) as compared with DPPC (ΔH = 8.8 kcal/mol). A broad phase transition for anionic DPPG bilayers was previously attributed to repulsion between negatively charged headgroups [32] .
It is also interesting to note that diC16-amidine does not present the pretransition observed for DPPC at 34°C (Fig. 2 ), or observed for other cationic and anionic lipids at different temperatures below the phase transition [33, 34] . The disappearance of the pretransition has been reported for several interdigitated phases [35] [36] [37] [38] , including diC14amidine membranes [20] .
Structural comparison of diC16-amidine and DPPC gel phase membranes
Phospholipids spin-labeled at different positions along the hydrocarbon chain were used to probe the organization of diC16-amidine and DPPC membranes. ESR spectra of 5-, 7-, 10-, 12-, 14-, and 16-PCSL inserted into the gel phase (T = 15°C) of these membranes are shown in Fig. 3 .
For DPPC, spectra profiles change significantly from bilayer surface to core: spectra of 5-and 7-PCSL, located near the lipid-water interface, are significantly more anisotropic than those of 14-and 16-PCSL, which are deeply inserted into the bilayer hydrophobic core (Fig. 3 ). This confirms the existence of a bilayer flexibility gradient [27, 39] , in which carbons located deeper in the bilayer present less organization and more freedom of motion even in the bilayer gel phase.
For diC16-amidine, spectra anisotropy also decreases from 5-to 12-PCSL ( Fig. 3) . However, spectra of 14-and 16-PCSL and of 5-and 7-PCSL are very similar. The anisotropic features of these spectra suggest that the probes buried deeper in the diC16-amidine bilayer are in a more rigid (less fluid) microenvironment than those located in the middle of the alkyl chains, such as 10-and 12-PCSL ( Fig. 3) .
In order to quantitatively evaluate these differences, it is possible to use the maximum hyperfine splitting, A max . This parameter is directly measured on the spectra (Fig. 3) and is sensitive to the label microenvironment viscosity or packing [40] . Since both chain order and mobility are evaluated, A max measures the fluidity of the membrane. Hence, in general, A max values decrease as temperature increases (Fig. 4) .
DPPC displays a typical bilayer pattern as A max decreases when the paramagnetic moiety is located deeper into the bilayer (Fig. 4A ). This means that even in the gel phase the alkyl chains are not totally extended in the all-trans conformation, and this is in agreement with the flexibility gradient mentioned above.
A decrease in A max values is also observed for diC16-amidine bilayers, but only between 5-and 12-PCSL probes (Fig. 4B) . The A max values for 14-and 16-PCSL are higher and similar to the ones recorded for 5-and 7-PCSL (Fig. 4B ). This indicates that membrane fluidity increases between the 5th and the 12th carbon, but sharply decreases for the 14th and 16th carbons, as concluded from the spectra profiles ( Fig. 3) .
ESR probes located near the bilayer core have been successfully employed to diagnose the existence of interdigitated organization: in this case, they are more motionally restricted and/or ordered than non-interdigitated bilayers and have parameters similar to the probes near the bilayer surface [26, 41] . It is precisely the pattern observed with diC16-amidine.
For symmetric lipids, interdigitation is mainly caused by interfacial perturbations induced by substances like alcohol [42, 43] , acetonitrile [44] , glycerol and polymyxin B [26] , and by charge effects [45] [46] [47] [48] .
The lipid structure also plays an important role in the formation of interdigitated phases in symmetric lipids: the synthetic 1,3-DPPC isomer displays an interdigitated gel phase due to increased intramolecular chain separation when compared to DPPC [49, 50] . Similarly, the large intramolecular chain separation due to an extra CH 2 group is responsible for the adjacent interdigitation of diC14amidine gel phase, in which lipid molecules are packed side by side and flipped horizontally from one to the other [23, 24] .
This adjacent interdigitated phase was characterized using a series of ESR probes [20] . All the five probes used (5-, 7-, 10-, 12-, and 16-PCSL) presented a very narrow range of high A max values. In the case of diC16-amidine, the membrane is rigid near the surface and the core, but displays flexibility similar to the DPPC around the 10th and 12th carbon ( Figs. 3 and 4 ). This shows that the gel phase structures of diC16-amidine and diC14-amidine are different.
Since the extra CH 2 separating the amine and amidine groups is also present in diC16-amidine molecules (Fig. 1) , interdigitation is not completely abolished even in the presence of longer lipid tails: instead of the complete interdigitation observed for diC14-amidine bilayers, diC16-amidine bilayers might present a partial interdigitation (Fig. 5 ). This partial interdigitation could result from the energetic balance between enhanced van der Waals interactions of longer lipid tails and electrostatic repulsion of cationic headgroups. The presence of a partial interdigitation may explain the absence of pretransition in diC16amidine bilayers observed in Fig. 2 , as previously mentioned. Fig. 6 shows the ESR spectra of spin labels inserted into the fluid phase (T = 50°C) of diC16-amidine or DPPC membranes. In both membranes, the spectra become less anisotropic, i.e., more fluid, toward the bilayer core, as expected for lamellar (non-interdigitated) fluid phases. Hence, in contrast to the gel phase, the fluid phase of both DPPC and diC16-amidine bilayers display a flexibility gradient toward the membrane core.
Structural comparison of diC16-amidine and DPPC fluid phase membranes
For the fluid phase, distinct parameters were used to analyze the spectra of the different spin labels. The effective order parameter (S eff ) is an appropriate parameter to evaluate lipid chain order with 5-and 7-PCSL probes (Fig. 7) . Due to the position of their nitroxide group closer to the bilayer surface, these labels present rapid anisotropic molecular motion, and both the maximum and minimum hyperfine splitting (A max and A min , respectively) can be directly measured [27] , as shown in Fig. 6 . As described in Materials and methods, calculated S eff values depend on both A max and A min values [51] . S eff includes contributions from chain order and rate of motion, but the main contribution is the amplitude of segmental motion of the acyl chains [51] .
S eff values are higher for diC16-amidine than for DPPC membranes (Fig. 7) , showing that the membrane surface of the cationic lipid is more packed. A similar effect was observed when comparing diC14amidine and DMPC [20] .
Spin labels located deeper in the bilayer, such as 10-, 12-, 14-, and 16-PCSL, sense a less ordered microenvironment and yield more isotropic signals from which A max and A min cannot be accurately measured (see Fig. 6 ). However, rotational correlation times can be accurately obtained from the fitting of the spectra using a Lorentzian-Gaussian function, as described in Materials and methods (Section 2.4). Good fitting can only be obtained in the motional narrowing regime [30] , which is the case for the 16-PCSL probe.
Due to the difficulty in establishing a nitroxide preferential rotational axis [52] , the values of two rotational correlation times, τ B and τ C , were calculated from spectra using the B and C parameters described in Section 2.4, and were corrected for the contribution of non-resolved hyperfine splittings [30] . The slightly different values of τ B and τ C presented in Table 1 indicate a rotation anisotropy of the 16-PCSL probe that is expected in lipid bilayers [29] . Hence, an average rotational correlation time, τ (Table 1) , can be used to evaluate the bilayer packing, since rotational correlation time values increase with packing.
The value of τ is about 13% higher in diC16-amidine than in DPPC bilayers ( Table 1) , showing that the bilayer core of diC16-amidine bilayers is more packed than that in DPPC bilayers. Hence, S eff and τ data show that the fluid phase of diC16-amidine is more rigid than that of DPPC ( Fig. 7 and Table 1 ).
It is also interesting to mention that the S eff and τ B and τ C values for diC16-amidine at 50°C ( Fig. 7 and Table 1 ) are higher than those obtained for diC14-amidine [53] . This implies that the fluid phase of diC16-amidine is also more packed than the one of diC14-amidine. This is an expected consequence of enhanced hydrophobic interactions in a lipid with longer alkyl chains.
Effect of temperature on the fusion of diC16-amidine and asolectin liposomes
The fusion of diC16-amidine and asolectin liposomes was monitored at different temperatures using fluorescence resonance energy transfer (FRET). Lipid mixing efficiency is expressed as the percentage of fusion after 30 min of incubation ( Fig. 8) .
Lipid mixing is more efficient at temperatures below 40°C, i.e., at the gel phase ( Fig. 8 ). This suggests that the interdigitated organization is very important for the fusion process, as previously described for ethanol-induced interdigitated phospholipid vesicles [43, 54, 55] . A similar phenomenon of enhanced fusion with interdigitated gel phase has been described for diC14-amidine [20] . However, diC16amidine has a broader temperature range of improved efficiency, and can be employed at the physiological temperature of 37°C (Fig. 8 ). In fact, at this temperature, diC16-amidine is in the partially interdigitated gel phase while diC14-amidine already adopts a lamellar fluid organization, and that might explain the higher fusogenic activity of the former at this condition [25] . It is also worth noticing that fusion induced by viruses, peptides and hexagonal phase-promoting phospholipids (such as DOPE) is usually enhanced at higher, and not lower, temperatures [56] [57] [58] [59] [60] .
It was recently shown that optimizing membrane fusion conditions might have a dramatic impact in siRNA delivery [61] . In this context, the high fusogenic efficiency of diC16-amidine at physiological condition without the need of helper lipids suggests a very promising application for this novel cationic lipid.
Conclusions
DPPC and diC16-amidine bilayers have similar phase transition temperatures of 41°C and 42°C, respectively. However, diC16-amidine membranes display a less cooperative phase transition, and no pretransition is observed for these cationic membranes.
Spin labels show that the gel phase of DPPC bilayers presents a flexibility gradient from surface to core, as expected. In contrast, diC16amidine bilayers present a flexibility gradient from the 5th to the 12th lipid tail carbons, whereas the carbons located at the 14th and 16th positions are in a very rigid environment. Such rigidity at the membrane core suggests the formation of a partially interdigitated gel phase. This partial interdigitation could be the consequence of a large intramolecular separation of lipid tails, and might explain the absence of pretransition in diC16-amidine bilayers.
ESR spectroscopy also shows that lamellar fluid phases are present in both DPPC and diC16-amidine membranes. However, the bilayers are more rigid for the fluid phase of diC16-amidine.
FRET assays show that diC16-amidine bilayers display an efficient fusogenic activity at the gel phase, implying that the interdigitated organization of this phase, even if partial, is important for the fusion process. The fusogenic activity of diC16-amidine is very efficient at the physiological temperature of 37°C suggesting its use as a promising lipid for delivery applications under physiological conditions without the need of helper lipids.
